The success of nematode management tactics depends upon problem recognition, specifically the proper knowledge of nematode species. Accurate diagnosis of the species is essential for the determination of the most appropriate control strategies to be employed (Coyne et al., 2009) . Perineal pattern morphology of adult females is most frequently used for the identification of root-knot nematodes (Jepson, 1987; Hunt and Handoo, 2009 ). This method is often inconclusive for distinguishing closely related Meloidogyne species, because individuals within a population often vary considerably (Zijlstra et al., 2000) . The esterase isozyme pattern of females is another tool to identify species and has been considered the most reliable and useful method in nematology (Esbenshade and Triantaphyllou, 1985) . Recently, a PCR method based on DNA has also been widely used for the identification of nematodes (Zijlstra et al., 2004; Powers et al., 2005; Adam et al., 2007; Devran and Söğüt, 2009 ). Species-specific primers were developed and are used routinely on a large number of samples with high sensitivity and specificity. This method is simple and fast, and it can be used by personnel with no nematological expertise (Zijlstra et al., 2004 ).
To date, over 90 named globally distributed root-knot nematode species (Meloidogyne spp.) have been reported (Hunt and Handoo, 2009) . In Turkey, eight species (Meloidogyne arenaria, M. artiellia, M. chitwoodi, M. ethiopica, M. exigua, M. hapla, M. incognita, M. javanica) were recorded in different agricultural areas (Yüksel, 1974; Di Vito et al., 1994; Elekçioğlu et al., 1994; Mennan and Ecevit, 1996; Kaşkavalcı and Öncüer, 1999; Söğüt and Elekçioğlu, 2000; Devran and Söğüt, 2009; Özarslandan et al., 2009; Özarslandan and Elekçioğlu, 2010; Akyazı and Ecevit, 2011; Aydınlı et al., 2013; Kepenekçi et al., 2014) . Among them, Meloidogyne incognita, M. arenaria, and M. javanica are regarded as the most common species reported in vegetable-growing areas in Turkey (Elekçioğlu et al., 1994; Mennan and Ecevit, 1996; Kaşkavalcı and Öncüer, 1999; Söğüt and Elekçioğlu, 2000; Devran and Söğüt, 2009) .
The Black Sea Region is the third largest regional greenhouse-producing area in Turkey. Most greenhouses are in the Middle Black Sea Region. Prior to this study, only the greenhouses of Samsun and Tokat provinces had been surveyed for root-knot nematodes, and the authors reported that M. incognita was a common species according to perineal pattern morphology and differential host tests (Katı and Mennan, 2006; Akyazı and Ecevit, 2011) . During a local survey in the summer of 2009, M. ethiopica was reported for the first time in Turkey on tomato and cucumber in greenhouses located in Samsun (Aydınlı et al., 2013) . The perineal pattern morphology of this species was similar to that of M. incognita. Due to variations in perineal pattern morphology, a precise identification based only on this feature is difficult. Thus, M. ethiopica may have already been present in Turkey for many years because of the misinterpretation in identification.
In this study, our objective was to overcome the difficulty of identifying root-knot nematode populations from vegetable-growing greenhouses in the Middle Black Sea Region of Turkey by using morphological (perineal pattern morphology), biochemical (esterase phenotype), and molecular (PCR with species-specific primers) techniques.
Materials and methods

Nematode populations
Surveys of Meloidogyne were carried out in 2011 and 2012 in the Middle Black Sea Region of Turkey. Ninety populations of root-knot nematodes were collected randomly from different vegetable-growing greenhouse locations in six provinces (Table 1) . Some populations were collected from roots of infested weeds near vegetable plants in the same greenhouse, because certain greenhouses possessed resistant tomato plants carrying the Mi gene or rootstocks.
Egg masses were handpicked individually from infested roots in each greenhouse. Each population was established from a single egg mass and reared on susceptible tomato plants (Solanum lycopersicum L.) of cultivar Falcon (May Seed, Turkey) . Tomato seedlings at the fourth true leaf stage were transplanted singly into 300-mL plastic pots containing sterilized sandy loam soil and sand (2:1) and were allowed to grow for 5-7 days before being inoculated with single egg masses. All populations obtained from single egg masses were maintained continuously in pot cultures in greenhouses at 24 ± 2 °C and were renewed by transferring 10 egg masses from each plant to new tomato seedlings bimonthly.
Perineal pattern studies
Female nematodes obtained from the first individuals of single egg mass cultures of each population were used for perineal pattern studies to minimize genetic variation. Females were dissected from infected tomato roots and fixed in triethanolamine-formaldehyde (TAF) solution until observation. Ten individual females from each population were selected randomly and perineal patterns were cut in 45% lactic acid and mounted in glycerin (Taylor and Netscher, 1974; Hartman and Sasser, 1985) . Perineal pattern studies were conducted under a light microscope according to Eisenback et al. (1981) and Jepson (1987) .
Esterase phenotype studies
Young egg-laying females of each pure population were handpicked from roots under a dissection microscope and collected in 0.9% NaCl (sodium chloride). A single female or three females for each microhematocrit tube with 5 µL of extraction buffer (20% sucrose, 1% Triton X-100) were transferred and macerated with a pestle. The specimens were frozen immediately and stored at -20 °C (Conceição et al., 2012) . Electrophoresis using a Mini-Protean Tetra System (Bio-Rad Laboratories, Hercules, CA, USA) was performed at 6 mA/gel during the first 15 min and then at 20 mA/gel for about 45 min. The gels were stained for esterase activity with the substrate α-naphthyl acetate. Protein extracts were obtained from three young egglaying females of M. javanica (J3) in each gel as a reference. In some gels, protein extracts of M. arenaria (A2) or M. ethiopica (E3) were used as a reference, in addition to M. javanica. Esterase phenotypes were designated with a letter suggesting the nematode species and a number indicating the number of bands, as described by Esbenshade and Triantaphyllou (1985) . 2.4. Molecular studies DNA was extracted from the egg masses of each population using the DNeasy Tissue and Blood Kit (QIAGEN, Hilden, Germany) according to the manufacturer's instructions. DNA samples were stored at -20 °C until used. PCR amplifications were conducted with the species-specific (4) Tomato (1) Me
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Results
Perineal patterns of populations
Perineal pattern variability was observed within and between populations isolated from the Middle Black Sea Region (Figures 1 and 2) . Therefore, as a first step, the perineal patterns of females from each Meloidogyne population were grouped into common root-knot species M. arenaria, M. incognita, and M. javanica according to similar morphology by a main diagnostic feature for species identification. Only M. arenaria perineal patterns were detected in 38 of the populations (Table 1) . These patterns showed a generally low dorsal arch and forming shoulders. Lateral lines were distinct, dorsal and ventral striae connected with an angle and forked. Eleven populations were perineal patterns of only M. javanica, which were easy to separate from those of other populations with the presence of distinct lateral lines. The overall shape of these patterns was ovoid or rounded and the dorsal arch was generally low. Only four populations showed the typical M. incognita pattern, which is characterized by the presence of a high and squarish dorsal arch and indistinct lateral lines. Thirty-seven populations showed patterns that combined features of M. arenaria and M. incognita. These perineal patterns showed a rounded to squarish arch and indistinct forming shoulders. Lateral lines were mostly indistinct. The patterns were similar to M. ethiopica, with some variations, and overlapped with those of M. incognita and M. arenaria (Figure 2 ).
Esterase phenotypes of the populations
Ten bands for esterase activity and four distinct esterase phenotypes were detected among 90 populations of Meloidogyne from different provinces (Figure 3 
DNA analysis of populations
Species-specific primers were used for molecular characterization of populations. Three (SEC 1F/1R; Far/ Rar; Fjav/Rjav) pair primers tested on DNA isolated from egg masses resulted in consistent amplifications. PCR with M. arenaria species-specific primers Far/Rar produced a single band of 420 bp for 38 populations (Figure 4 ). The 
Discussion
This study is the most detailed and extensive research for identifying 90 populations of Meloidogyne species from the Middle Black Sea Region of Turkey by using perineal patterns, esterase phenotypes, and PCR with speciesspecific primers. Meloidogyne arenaria, M. ethiopica, M. javanica, and M. incognita were detected at 42.2%, 41.1%, 12.2%, and 4.4%, respectively. This result differs from previous studies of this region with M. incognita not being the most common species in the region (Mennan and Ecevit, 1996; Katı and Mennan, 2006; Akyazı and Ecevit, 2011) . Conversely, M. incognita was rarely found in our study. Meloidogyne ethiopica is the most prevalent species in Samsun, which is the center of greenhouses in the region. Individual perineal patterns of some females in M. ethiopica populations were very similar to those of M. incognita. Therefore, in this study, when populations from Samsun were identified based only on perineal pattern, the result was similar to that of earlier studies (Mennan and Ecevit, 1996; Katı and Mennan, 2006) . Some researchers indicated that the value of this character for comparing Meloidogyne species diminished due to the variability observed in females from a single egg mass population (Karssen and van Aelst, 2001; Carneiro et al., 2004b; Garcia and Sanchez-Puerta, 2012) . However, it can be useful to separate populations into species groups as a first step towards identification (Munera et al., 2010) . Consequently, the perineal patterns of populations in this study were grouped according to the most common rootknot species in both Turkey and the world. To examine the whole genus, Jepson (1987) separated the species into 6 distinct groups according to morphological similarity. Meloidogyne ethiopica was classified into Group 3, which is different from M. arenaria (Group 4) and M. incognita (Group 6). At the same time, Jepson (1987) reported that the characterization of Group 3 is very broad, and M. ethiopica was sometimes with a high, squared dorsal arch similar to the species in Group 6, including M. incognita. Moreover, before M. ethiopica was described as a new species, some individuals were identified as M. arenaria (Whitehead, 1968) due to their low, rounded arch (Jepson, 1987) . Previous studies also indicated that the perineal pattern of M. ethiopica is highly variable and varies from similar to M. arenaria to similar to M. incognita (Carneiro et al., 2004a (Carneiro et al., , 2007 Strajnar et al., 2009; Conceição et al., 2012) . These results are in agreement with our previous study, which was the first report on M. ethiopica in Turkey (Aydınlı et al., 2013) .
Meloidogyne populations in the study exhibited four esterase phenotypes associated with M. arenaria, M. ethiopica, M. javanica, and M. incognita. All the esterase phenotypes, except E3, were reported as the most common phenotypes from a different area of the world (Esbenshade and Triantaphyllou, 1985) . Esterase phenotype E3 is M. ethiopica species-specific and is the most useful character for distinguishing it from other Meloidogyne species (Carneiro et al., 2004b (Carneiro et al., , 2007 . In a previous study, we found some populations with three esterase bands from cucumber and tomatoes in greenhouses in Samsun, and we considered that this could be an atypical phenotype of M. incognita according to the results of the perineal pattern and species-specific primer . However, when additional studies were performed, it became evident that these populations were M. ethiopica. This was the first report of M. ethiopica in Turkey (Aydınlı et al., 2013) . Previous studies from various geographical regions around the world have indicated the utility of this enzyme (Esbenshade and Triantaphyllou, 1985; Fargette, 1987; Pais and Abrantes, 1989; Carneiro et al., 2000; Brito et al., 2008) . In Turkey, the use of esterase phenotypes for the identification of Meloidogyne species was published for the first time in 2011 Çetintaş and Çakmak, 2011; Mennan et al., 2011) . These previous studies were conducted on limited populations from a local area. Conversely, this is the first comprehensive study on the identification of the Meloidogyne species from Turkey with esterase analysis.
In this study, we used primers found as effective in previous studies related to common Meloidogyne species, and our results showed agreement with the findings of other authors (Ziljstra et al., 2000; Tzortzakakis et al., 2005; Adam et al., 2007; Devran and Söğüt, 2009; Oh et al., 2009; Özarslandan and Elekçioğlu, 2010; Garcia and Sanchez-Puerta, 2012) . Two different primer sets (SEC 1F/1R and Finc/Rinc) for M. incognita were used in our studies. The Finc/Rinc primer set did not give reproducible amplifications for the populations. Similar results with this primer set were obtained by Adam et al. (2007) and Devran and Söğüt (2009) . SEC 1R/1F gave the expected 502-bp fragment in 4 populations that have M. incognita species-specific esterase phenotypes (I2). However, this primer set also gave positive results for 37 populations with E3 esterase phenotypes. Therefore, the SEC 1R/1F primer set is not specific for M. incognita due to the amplification product in the DNA of M. ethiopica. The Far/Rar primer set successfully gave PCR products in 38 populations with the A2 esterase phenotype. Interestingly, when this primer set was used at 56 °C annealing temperature, as indicated by Devran and Söğüt (2009) , some populations with E3 gave the amplified product, but these results were not reproducible. When the primer set was used at 64 °C annealing temperature as suggested by Ziljstra et al. (2000), we obtained the , expected band only in populations with A2. The annealing temperature for species-specific primers should be high enough to enhance specificity (Blok and Powers, 2009) . In this study, the Meth F/R primer set developed by Correa et al. (2014) was also tested on all populations but did not give an amplification product, not even in the DNA of the reference populations. In addition, the described SCAR methods for these primer sets were tested using European M. ethiopica populations by Slovenian nematology groups (Sirca and Geric Stare, personal communication), but the method failed to obtain positive results. Amplification could have failed due to changes in the priming sites (Adam et al., 2007; Devran and Söğüt, 2009) , because all populations, except one (from Kenya) used by Correa et al. (2014) (Strajnar and Sirca, 2011; Conceição et al., 2012) .
In conclusion, it is difficult to distinguish all Meloidogyne species by perineal patterns alone due to the considerable variation between and within populations. Conversely, perineal patterns are valuable features to provide support or confirmation for results obtained by biochemical and molecular methods (Carneiro et al., 2004b; Hernandez et al., 2004) . Esterase enzyme phenotypes are species-specific and can be used as a reliable tool to identify Meloidogyne in the Middle Black Sea Region. Since perineal patterns of M. ethiopica are close to those of M. incognita, correct identification based only on perineal pattern is difficult, and there might be misidentification (Aydınlı et al., 2013) . Carneiro et al. (1996) reported that using only the perineal pattern is not enough for the accurate identification of rootknot nematodes, since M. paranaensis was misidentified as M. incognita for 22 years in Brazil. Esbenshade and Triantaphyllou (1985) reported one population with three esterase bands from Turkey. This esterase phenotype, designated as M3, could not be identified to the species level by the authors. Therefore, M. ethiopica may have been present in Turkey for many years, because the M3 phenotype is very similar to E3. PCR with species-specific primers have been employed to rapidly detect and identify Meloidogyne species using DNA extracted from every stage of the nematode (Devran and Söğüt, 2009) . Thus, it is necessary to generate favorable results in terms of the molecular identification of M. ethiopica. Therefore, future research should focus on developing species-specific primers for the reliable differentiation of M. ethiopica from other species. 
